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Highlights

Preservation of genetic variability in the breeding program.
Deficit of heterozygotes in the GO and G2 generations.
Positive inbreeding coefficient values in the GO and G2 generations.

Abstract

The implementation of fish breeding programs in Brazil has brought significant results in the productivity
of tilapia. However, the insertion of native species with great potential (such as Tambaqui Colossoma
macropomum) in these programs is still recent, and thus requires genetic information for monitoring and
enabling their consolidation into the programs. The objective of the present study was to evaluate the
genetic diversity of the parental generation (GO) and two consecutive generations (G1 and G2) in the C.
macropomum genetic improvement program, located in the municipality of Sorriso, Mato Grosso, Brazil.
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Ninety caudal fin samples were collected (30 samples per generation) for DNA extraction. The genetic
study implemented seven microsatellite markers (Cm1A8, Cm1A11, Cm1D1, Cm1E3, Cm1F4, Cm1F5,
and Cm1H8). A total of 17 alleles were amplified, with variations in the mean number between four to two
alleles per locus. The size per locus ranged from 170 to 360 bp. The average inbreeding coefficient was
0.126 (G0), -0.040 (G1),and 0.131 (G2). No null or exclusive alleles were found. The observed heterozygosity
values for G1 and G2 demonstrated the preservation of genetic variability (0.453 and 0.409, respectively). In
conclusion, the genetic diversity of the parental generation (G0) and the two progenies generations (G1 and
G2) were adequate, which demonstrates that the genetic improvement program was conducted correctly;
however, it is important to continue to evaluations the genetic diversity of the future progeny.

Key words: Colossoma macropomum. Native species. Genetic improvement. Microsatellites.

Resumo

A implantacdo de programas de melhoramento genético de peixes do Brasil tem trazido resultados
significativos na produtividade de peixes como na Tilapia. No entanto, a insercdo desses programas em
espécies nativas de grande potencial como o Tambaqui (Colossoma macropomum) ainda é recente, sendo
necessarias informagdes genéticas que permitam seu monitoramento e viabilizem sua consolidagéo. O
objetivo do presente estudo foi avaliar a diversidade genética da geragao parental (GO) e duas geragdes
consecutivas (G1 e G2) do programa de melhoramento genético de Colossoma macropomum, localizado
no municipio de Sorriso Mato Grosso, Brasil. Noventa amostras de nadadeira caudal foram coletadas (30
amostras por geracao) para a extracao do DNA. O estudo genético foi conduzido implementando-se um
total de sete loci microssatélites (Cm1A8, Cm1A11, Cm1D1, Cm1E3, Cm1F4, Cm1F5 e Cm1H8). Um total
de 17 alelos foram amplificados, com variagcdes no niumero médio entre quatro a dois alelos por locus.
O tamanho por loci variou entre 170 a 360 pares de bases. O coeficiente de endogamia médio foi 0,126
(G0), -0,040 (G1) e 0,131 (G2). Nao foram encontrados alelos nulos nem alelos exclusivos. Os valores de
heterozigosidade observada para G1 e G2 demonstraram preservagao da variabilidade genética (0,453 e
0,409, respectivamente). Em conclusao a diversidade genética tanto da geracao parental (GO) como das
duas geragodes (G1 e G2) foi adequada, o que demostra que o programa de melhoramento genético esta
sendo conduzido de maneira correta sendo importante dar continuidade com avaliacdes de diversidade
genética nas progénies futuras.

Palavras-chave: Colossoma macropomum. Espécie nativa. Melhoramento genético. Microssatélites.

287,930 tons were Tambaqui (Colossoma
macropomum) (Peixe BR, 2020). Much of

Introduction

In 2019, Brazilian fish farming reached
a total fish production of 758,006 tons, 4.9%
higher than the previous year (Peixe BR, 2020).
Of this total, Nile tilapia (Oreochromis niloticus)
represented approximately 57% of the total
production with 432,149 tons, while the
production of native fish was 38%, of which
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the success of tilapia production is due to
the implementation of genetic improvement
programs; tools such as selection and crossing
are used for the formation of the following
generations, with the aim of increasing
weight gain (Ribeiro & Legat, 2008). These
programs become even more important when
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they maximize the use of physical space by
improving the rate of growth, survival, and
feed conversion of target species (Gjedrem,
Robinson, & Rye, 2012). Despite all the success
achieved with tilapia, breeding programs for
native species are still scarce and are currently
in the early stages of development. Tambaqui
is highly valued due to its ease of cultivation,
easy reproduction, high commercial value, and
high zootechnical performance (Araujo-Lima &
Goulding, 1997; Mello et al., 2015), and is now
widespread in fish farms in several regions
of Brazil and in South America. In 2008, the
first Tambaqui genetic improvement program
was implemented in the state of Mato Grosso
(MT), with families selected for weight gain
from different Brazilian fish farms (Marcos et
al., 2016). Since then, three generations have
been obtained from the crossing between
these individuals.

Because mating is aimed at the
superior performance of the progeny, there is
a clear concern regarding the genetic diversity
of the generations that are developed by the
breeding programs. Studies with improved
Nile tilapia have revealed the importance of
assessing genetic diversity in order to control
inbreeding depression in herds and strains
(Petersen et al., 2012; Rodriguez-Rodriguez et
al., 2013). Recent studies have also highlighted
this concern with stocks of Tambaqui breeders
(Lopera-Barrero etal., 2015; Ribeiro etal., 2016;
Santos, Santana, Leitdo, Paula-Silva, & Aimeida-
Val, 2016; Aguiar et al, 2018). Therefore,
methodologies that allow the genetic
characterization of these animals are essential,
and molecular markers such as microsatellites
can act in this evaluation, as they are capable
of providing several important genetic
parameters (Abdul-Muneer, 2014), assisting
with measures of reproductive management
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and improvement or conservation programs
(Santos et al., 2016; Aguiar et al.,, 2018; Souza
et al., 2018). Therefore, genetic monitoring of
the base population (coming from the crossing
of populations of different origins), together
with monitoring subsequent generations of
these programs, and also the breeding and
distribution stations of the fry, is essential
to determine the possible effects of drift,
inbreeding, or selection (Petersen et al., 2012)
and to direct actions in these programs.
Thus, the objective of the present study
was to evaluate the genetic diversity of the
parental generation (GO) and two consecutive
generations (G1 and G2) of the genetic
improvement program of Tambaqui carried out
in the state of MT, Brazil.

Material and Methods

The study was approved by the Ethics
Committee of the State University of Londrina
(CEUA_UEL No. 10689.2018.08). A total of 90
caudalfinsamples (approximately 0.5 cm?)were
collected from three generations of Tambaqui
(30 samples per generation) generated by
the genetic improvement program in the
municipality of Sorriso, MT, Brazil. The selected
individuals were part of the native fish genetic
improvement program (targeted for weight
gain), which started in 2008, with Tambaqui as
the chosen species. The first generation (G1)
was formed during the reproductive period of
2011/2012. The second-generation (G2) was
obtained in the reproductive year of 2015. At
the time of collecting the fin sample (using
sanitized surgical scissors), the individuals
were immobilized through wet towels that
reduced stress. The samples were conditioned
in microtubes containing 70% ethanol, and
were used in the laboratory analysis. For the
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DNA extraction, the NaCl extraction protocol
was used (Lopera-Barrero et al., 2008). To
assess the total DNA concentration, the
samples were measured using the SLIPQ
026 spectrophotometer, Quantifier L-Quant
(Loccus Biotecnologia, Ribeirdo Preto, Brazil).
The samples were diluted to a concentration
of 30 ng/uL. The DNA integrity was assessed
on a 1% agarose gel, stained with SYBR Safe
™ DNA Gel Stain for one hour at 90 V. The gel
was visualized in a transilluminating device
with ultraviolet light, and the image was
photographed using the Kodak EDAS program
(1D Image Analysis 3.5 Kodak, USA).

The DNAwasamplifiedtoafinalreaction
volume of 15 pl using 1X x Tris-KCI buffer,
2.0 yl MgCl2, 0.4 ul of each primer (Forward
and Reverse), 0.2 pl of each dNTP, a unit of
Platinum Tag DNA Polymerase, and 60 ng of
DNA from each animal. Seven species-specific
microsatellite primers from Santos, Hrbek and
Farias (2009) were amplified: Cm1A8, Cm1A11,
Cm1D1, Cm1E3, Cm1F4, Cm1F5, and Cm1H8.
Initially, the DNA was denatured at 94°C for
4 min and then 30 cycles were performed,
each consisting of 1T min of denaturation at
94°C, 1 min of annealing (the temperature
being variable for each primer), and 1 min of
extension at 72°C. After that, a final extension
was performed at 72°C for 10 min. The
reactions were conducted in a Veriti® thermal
cycler (Applied Biosystems®, Austin, TX, USA).
The amplified samples were subjected to 10%
polyacrylamide gel electrophoresis, conducted
in 0.5X TBE buffer at 180V and 250 mA for 8 h.
Subsequently, nitrate staining was performed
to visualize the microsatellite alleles. The gel
was photo-documented and submitted to the
Adobe Photoshop CC (64 Bit) program, where
it was aligned and the alleles were calculated
using a 100 bp DNA ladder. The number of
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alleles, allele frequency, allele wealth (Ra), and
inbreeding coefficient (FIS) were calculated
using the FSTAT 2.9.3 program (Goudet, 2005),
applying the Bonferroni correction to evaluate
the significance (P < 0 05). The expected
heterozygosis (He), observed heterozygosis
(Ho), and Hardy-Weinberg equilibrium test
(HWE, P < 0.05) were estimated using the
Arlequin 3.5 program (Excoffier, Laval, &
Schneider, 2010). The number of effective
alleles (Ne) was calculated for each locus using
the GenAlex program version 6.5 (Peakall &
Smouse, 2012). The possible reduction in the
effective size of the generations was verified
with the program Bottleneck 1.2.02 (Cornuet
& Luikart, 1996), considering the mutation
models: IAM (Infinite Allele Model), TPM (Two-
Phase mutation Model), and SMM (Stepwise
Mutation Model). Statistical significance was
assessed using the Wilcoxon test, with a
significance level of 5%.

The STRUCTURE v.2.3.3 by Pritchard,
Stephens and Donnelly (2000) was used
to verify the existence of clusters (K) of
genetically similar samples, following the
mixed model of clusters with burning 250,000
Markov and Monte Carlo (MCMC) chains
and a running length of 1,000,000 MCMC.
The K estimates (number of clusters) were
obtained from simulations performed with K
ranging from one to six (K = 1-6), reproducing
10 interactions for each tested K value. The
number of clusters was determined by the
method proposed by Evanno Regnault and
Goudet (2005), implemented on the website
Structure Harvester Earl and Vonholdt (2012).
The factorial correspondence analysis (FCA)
based on the allele frequencies was elaborated
by the GENETIX software version 4.05 (Belkhir,
Borsa, Chikhi, Raufaste, & Bonhomme, 2004).
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Results and Discussion

A total of 17 alleles were found for GO
and G1 and 16 alleles for G2, ranging from
170 to 360 bp. The allelic richness (Ra) and
the number of effective alleles (Ne) ranged
from 2.0 to 4.0 and 1.824-1.893, respectively,
and were maintained across generations.
No exclusive or limiting alleles were found.
However, the Cm1D11 locus in G2 showed
a loss in the 178 bp allele. This loss can be
attributed to variations in the ringing regions of
the primers, which is a very common situation
in microsatellite markers (Rodriguez-Rodriguez
et al., 2013). The mean values found for the Ho,
when compared to the He, showed that there
was a deficit in the number of heterozygotes
in the parental generation GO (-0.056), with an
excess of heterozygotes in the first generation
G1(0.017) and a deficit of heterozygotes in the
second-generation G2 (-0.061). These results
were corroborated by the FIS inbreeding
coefficient, in which the mean values were
positive for GO (0.126) and G1 (0.131), and
negative for G2 (-0.140). There was no
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significant difference in the mean values in
the Hardy-Weinberg equilibrium test (Table 1).
The deficit of heterozygotes in the parental
generation may be correlated to the limited
number of families (individuals) implemented
to form the following generations.

One of the main factors in the loss of
genetic variability infish farmingis the founding
effect, but it is not the only one. Other factors,
such as the bottleneck effect, are caused by
unintentional selection during the reproductive
processes performed. These processes, which
normally include the selection of individuals
with the best phenotypic or reproductive
characteristics, can lead to mating between
genetically related individuals and generate the
loss of variability (Aguiar et al., 2018; Santos et
al., 2016; Jacometo et al., 2010). Even with the
possibility that these effects are still present
in the breeding program, we cannot affirm
that they have affected the frequencies, since
the reproductive management information of
the families employed at the beginning of the
program was not counted and their origin was
not available.
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Table 1

Number of alleles per locus (Na), allele richness (Ra), Effective alleles (Ne), Observed (Ho) and expected
(He) heterozygosity, Hardy-Weinberg Equilibrium Test (HWE) and Inbreeding coefficient (FIS) for

generations of Colossoma macropomum

Geracgoes Locus Na Ra
Cm1A8 4.000 4.000
Cm1A11 2.000 2.000
Cm1D1 3.000 3.000
0 Cm1E3 2.000 2.000
Cm1H8 2.000 2.000
Cm1F4 2.000 2.000
Cm1F5 2.000 2.000
Média 2.429 2.429
Cm1A8 4.000 4.000
Cm1A11 2.000 2.000
Cm1D1 3.000 3.000
o1 Cm1E3 2.000 2.000
Cm1H8 2.000 2.000
Cm1F4 2.000 2.000
Cm1F5 2.000 2.000
Média 2.429 2.429
Cm1A8 4.000 4.000
Cm1A11 2.000 2.000
Cm1D1 2.000 2.000
- Cm1E3 2.000 2.000
Cm1H8 2.000 2.000
Cm1F4 2.000 2.000
Cm1F5 2.000 2.000
Média 2.286 1.938

Ne [0} He HWE FIS
2.920 1.000 0.670 0.000* -0.506
1.708 0.103 0.421 0.000* 0.758
2.116 0.448 0.536 0.344 0.167
1.906 0.185 0.484 0.002* 0.622
1.897 0.366 0.480 0.251 0.240
1.122 0.115 0.110 1.000 -0.042
1.824 0.551 0.459 0.413 -0.204
1.927 0.395 0.451 0.287 0.126
2.715 0.966 0.642 0.000* -0.518
1.976 0.444 0.503 0.698 0.119
1.911 0.481 0.485 0.445 0.009
1.554 0.321 0.362 0.603 0.116
1.649 0.307 0.401 0.318 0.237
1.523 0.280 0.350 0.551 0.204
1.438 0.375 0.311 0.551 -0.211
1.824 0.453 0.436 0.452 -0.040
2.903 1.000 0.666 0.000* {0518
1.787 0.241 0.448 0.028* 0.466
1.998 0.344 0.508 0.134 0.325
1.471 0.400 0.326 0.541 -0.231
1.536 0.350 0.357 1.000 0.022
1.976 0.148 0.503 0.000* 0.709
1.899 0.384 0.482 0.408 0.206
1.983 0.409 0.470 0.301 0.131

GO: Parental generation; G1: First generation; G2: Second generation.

* P <0.05: significant in the Hardy-Weinberg Equilibrium Test.

In genetic improvement programs,
positive Fg values are expected, since the
intensity of selection can cause genetic drift
by reducing the effective size of the population,
caused by the recombination of the selected
progenies (Rodriguez-Rodriguez et al., 2013).
Therefore, the decrease in genetic variability
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in these programs can occur (R. C. Gongalves
& Oliveira, 2009) due to the genetic bottleneck
caused by the selection process. However,
it is noteworthy that this reduction was not
significant to the point of generating inbreeding
within each generation. On the contrary, the
Ho values for G1 and G2 demonstrated the
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preservation of genetic variability (0.453
and 0.409, respectively), which were even
comparable with populations from Tambaqui
with a deficit of heterozygotes (Santana, 2011).
The results of the present study were similar
to other studies on the genetic diversity in
natural and captive populations of Tambaqui.
Santos et al. (2016) analyzed their genetic
diversity by amplifying 13 microsatellite loci
from three stock populations (Balbina, UFRPE,
and DNOCS) and a natural population (River
Solimbées, Amazonas) and found Ho values of
0.52, 0. 26, 0.51, and 0.53, He values of 0.63,
0.48, 0.55, and 0.79, and F values of 0.18,
0.46, 0.07, and 0.33 for the three stock and one
natural population, respectively. The authors
concluded that the genetic diversity of the
natural population was greater than that of
the stock populations, which is an important
genetic resource for future breeding programs.

On the other hand, Aguiar et al. (2018)
amplified 12 microsatellite loci and analyzed
the genetic diversity in populations and stocks
located in Santarém (STM), Ouro Preto do
Oeste (OPO), Nossa Senhora do Livramento
(NSL), Jaguaribara (JAG), Pentecostes (PEN),
Nebpolis (NPL), Jaboticabal (JAB), and a
natural population in the Amazon River (AMA).
The authors observed that five of the breeding
sites showed excess heterozygotes for six or
more microsatellite loci, with negative mean
FIS values or values close to zero. These
stocks were NSL (F ¢, = 0.169), JAG (F ;= 0.180),
PEN (F¢ = 0.030), NPL (FIS = 0.050), and JAB
(F/IS = 0.056). However, they found that three
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stocks showed a deficit of heterozygotes
for most of the loci and with average Fg
values of 0.099 (STM), 0.149 (OPO), and 0.106
(AMA). The results of this study indicated
that some of the captive stocks analyzed
may have been suffering from the effects of
inbreeding depression, or were at least in the
early stages of that process. The value of He
(excess of heterozygotes) was greater than
that of Hd (deficiency of heterozygotes), which
indicated that the generations suffered from
a recent bottleneck effect (Table 2). In fish
farms, the bottleneck effect occurs due to
the intentional selection and mating between
possibly related individuals, in addition to the
limited number of couples that constitute all
the following generations, which may occur in
breeding programs (Rodriguez-Rodriguez et
al., 2010, 2013; Lopera-Barrero et al., 2015).
In the specific case of a genetic improvement
program, because of the intentional selection
that is necessary to target mating in terms
of producing the characteristic that requires
improvement, a bottleneck effect is expected.
However, in fish farms, the loss of genetic
variability can also be related to the founding
effect, which increases the genetic drift.
The increased genetic drift then increases
homozygosity and the occurrence of inherited
diseases. To counteract the effects of genetic
drift, it is necessary to increase the gene
flow between isolated fish farms to restore
the genetic variation within each population
(Gongalves, Santos, Sa Leitdo, Souza, &
Almeida Val, 2019).
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Bottleneck effect in the GO, G1 and G2 generations of Colossoma macropomum
Geracgao N IAMa
Hd /He P

GO 30 1/6 0.015*

G1 30 0/7 0.007*

G2 30 0/7 0.007*

TPMb SMMc

Hd /He P Hd /He P
1/6 0.023* 1/6 0.039*
0/7 0.007* 1/6 0.015*
0/7 0.007* 0/7 0.007*

GO: Parental generation; G1: First generation; G2: Second generation.

N: Number of individuals per population

a: The Infinite Allele Model; b: Two-phase Mutation Model; c: Stepwise Mutation Model

* Significant values by the Wilcoxon test (P <0.05).

The results of the Bayesian analysis for
the model show that the ideal Delta -K value
corresponded to K = 2, indicating the existence
of two clusters and mixing in the individuals of
the three generations (Figure 1). All generations
were related by their allele frequencies, an
expected result because these two groups
originated from the initial generation (GO)
and were maintained through the following
generations (G1 and G2). In the FCA, most
individuals of the generations were in the
middle of Ax1 and Ax2, with an association
between individuals over the generations
(Figure 2). Regarding the allelic distribution in
the individuals, it was possible to observe a
conservation of frequencies throughout the
generations, demonstrating that the breeding
program does not follow any trend and is being

1.00
0.s0
0.60
0.40

0.20

0.00

G0

conducted correctly; however, itis important to
continue evaluating the generations. It should
also be emphasized that through quantitative
analyses supported by qualitative analyses, the
allelic distribution can be controlled, avoiding
the increase of inbreeding and loss of genetic
variability in the populations. It is important
to note that the continuous monitoring of
fish populations in both conservation and
production programs is important to avoid
decreasing the genetic variability, which has
led to problems such as low rates of growth,
survival, and adaptability (Jacometo et al,,
2010). The speed of this decline is influenced by
reproductive management, parental changes,
selection, the number of parents used in
mating, and implementing the reproductive
system (Lopera-Barrero et al., 2015).

Gl G2

Figure 1. Bayesian cluster analysis based on the seven microsatellite loci for the GO, G1 and G2
generations of Colossoma macropomum, indicating a Delta-K value (K=2). GO: Parental generation;
G1: First generation; G2: Second generation.
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Figure 2. Factor component analysis (FCA), showing the distribution of spatial variation in the GO,

G1 and G2 generations of Colossoma macropomum. Yellow squares = GO, blue squares = G1 and

white squares = G2.

-12.000

One way of evaluating the impacts
caused by inbreeding is through the evaluation
of parameters such as fertility levels and the
survival rate of the progeny, as well as their
growth and adaptation to the environment.
This will ensure the renewal of stock through
the introduction of individuals captured from
nature or other fish farms will only occur
when necessary to increase heterozygosity
and reduce the loss of genetic diversity in
cultivated populations (Aguiar et al., 2018).

The results of this study are an important
source of information for the Tambaqui
genetic improvement program, as well as for
fish breeders and researchers in managing
reproductive stocks and conservation.
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Conclusions

The genetic diversity of both the
parental generation (GO) and the two
generations (G1 and G2) was adequate, which
shows that the genetic improvement program
located in the municipality of Sorriso, MT, Brazil
is being conducted correctly. However, it is
important to continue assessing the genetic
diversity of future progenies.
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